We introduce spontaneous parametric down-conversion as a light source for intensity calibration of spectrometers solely based on physical principles. The response function of the spectrometer obtained with our technique agrees with the one measured with a NIST-traceable calibration lamp.
Intensity calibration of radiation
The discovery of Planck's law of radiation can be considered as one of the pivotal moments in modern physics as it introduced the quantization of radiation. The law describes the radiation spectrum of a black body, or perfect absorber, at thermal equilibrium, and only depends on the temperature of the body as well as on fundamental constants. Besides its importance for the foundations of modern quantum physics, it is the primary realization of a source of radiation with a well-known spectrum and is thus used by most metrology and standards institutes for the intensity calibration of spectroradiometers and other sources of radiation.
Spontaneous parametric down-conversion for spectrometer calibration
We propose a different primary realization using one of the workhorses of quantum optical research: spontaneous parametric down-conversion (SPDC) from a nonlinear crystal. We show that by recording the down-converted light for a broad range of phase-matching conditions it is possible to perform the relative intensity calibration of a spectrometer. This calibration method relies on the fact that the shape of the spectral density of SPDC at the phasematching condition does not depend on laboratory settings, since all the variations in frequency-dependent parameters are negligible under certain conditions [1] . Because it is based on physical principles, the SPDC calibration method constitutes an alternative to black body radiation for a primary standard and could in principle be implemented in any laboratory with a laser and a nonlinear crystal.
Similar to a black body, the radiation emitted in a SPDC process depends on the density of states multiplied by the photon-number distribution function. This photon-number distribution is well known for SPDC, and depends on the pump spectrum and profile, on the phase-matching function and on the product of the frequencies of the downconverted photons. For phase-matching and by pumping the nonlinear crystal with a monochromatic plane wave, we obtain a parabolic behavior (see Fig. 1a ), which weakly depends on laboratory settings. It is important to note that our method does not rely on coincidence detection of the generated photon pairs emitted by the SPDC source [2], but on the spectral properties of the vacuum fluctuations under the phase-matching condition.
Experimental procedure and comparison with a calibration lamp
In our experiment we use the third harmonic of an Nd:YAG picosecond laser to pump a type-I BBO nonlinear crystal. To scan a broad range of phase-matching conditions, which is crucial to our method, we tilt the crystal and record the spectral photon-number distributions for each angle, i.e. different phase-matching conditions. To recover the response function R of the spectrometer, defined as the ratio between the measured and expected spectra, we extract the two maxima where the phase-matching condition is fulfilled and compare it to the theoretically expected parabola. The results are marked as crosses in Fig. 2 . To demonstrate the reliability of our method, we compare the retrieved response function of the spectrometer to the one obtained from a NIST-traceable calibration lamp (black curve in Fig. 2) , and we find good agreement. The main source of error in Fig. 2 can be suppressed by recording a larger number of SPDC spectra.
Conclusion and Outlook
We introduced a novel method for relative calibration of a spectrometer, which takes advantage of the well-known SPDC process of a nonlinear crystal and solely relies on physical principles. Hence, it can be considered an alternative to current calibration standards using black body radiation. While the presented method enables the retrieval of the relative spectral response function, it can be extended to allow for absolute calibration (meaning that the spectral density can be expressed in radiometric units) in future investigations by either additionally observing down-converted radiation in the high-gain regime or by including photon-number correlation measurements following the method introduced by Klyshko [2].
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[1] Supplementary to: Lemieux, S., Manceau, M., Sharapova, P. R., Tikhonova, O. V., Boyd, R. W., Leuchs, G., Chekhova, M. V. Engineering the frequency spectrum of bright squeezed vacuum via group velocity dispersion in an SU (1, 1) interferometer. Physical Review Letters, 117(18), 183601 (2016) [2] Klyshko, D. N. Use of two-photon light for absolute calibration of photoelectric detectors. Quantum Electronics, 10(9), 1112-1117 (1980) Figure 1 . Schematic of the calibration method using the radiation of the SPDC process. For phase matching and a monochromatic pump of frequency p, the photon-number spectral density N[k( )] follows a parabolic form weakly depending on laboratory settings and can, therefore, be used to calibrate a spectrometer. a) By tilting the crystal, different phase-matching conditions can be scanned. b) In the experiment, we use a spectrometer with a CCD camera and a pinhole d introduced at the far field of the radiation emitted by the crystal. This setup allows us to measure the relative photon-number spectral density in the wavelength-solid-angle representation, labeled N ( ). The achromatic lens doublet L brings the SPDC radiation to the far field. The dichroic mirrors to suppress the pump and the lenses to image the pinhole on the entrance slit of the spectrometer are not shown. 
